Purpose Although overall there is a positive association between obesity and risk of prostate cancer (PrCa) recurrence, results of individual studies are somewhat inconsistent. We investigated whether the failure to exclude diabetics in prior studies could have increased the likelihood of conflicting results. Methods A total of 610 PrCa patients who underwent radical prostatectomy between 2005 and 2012 were followed for recurrence, defined as a rise in serum PSA C 0.2 ng/ml following surgery. Body mass index (BMI) and history of type 2 diabetes were documented prior to PrCa surgery. The analysis was conducted using Cox proportional hazard models. Results Obesity (25.6 %) and diabetes (18.7 %) were common in this cohort. There were 87 (14.3 %) recurrence events during a median follow-up of 30.8 months after surgery among the 610 patients. When analyzed among all PrCa patients, no association was observed between BMI/ obesity and PrCa recurrence. However, when analysis was limited to non-diabetics, obese men had a 2.27-fold increased risk (95 % CI 1.17-4.41) of PrCa recurrence relative to normal weight men, after adjusting for age and clinical/pathological tumor characteristics. Conclusions This study found a greater than twofold association between obesity/BMI and PrCa recurrence in non-diabetics. We anticipated these results because the relationship between BMI/obesity and the biologic factors that may underlie the PrCa recurrence-BMI/obesity association, such as insulin, may be altered by the use of antidiabetes medication or diminished beta-cell insulin production in advanced diabetes. Studies to further assess the molecular factors that explain the BMI/obesity-PrCa recurrence relationship are warranted.
Introduction
Prostate cancer (PrCa) is the most commonly diagnosed solid tumor in men and the second leading cause of cancerrelated deaths in developed countries [1] [2] [3] . It has a complex, multi-factorial etiology where both genetic and environmental/lifestyle factors contribute to prostate carcinogenesis [4] . However, the majority of prostate tumors do not progress rapidly or cause significant clinical disease [5] , and thus, research is increasingly focused on identifying risk factors that are associated with higher rates of cancer recurrence and/or mortality following treatment.
Obesity has been reported to be a risk factor for the development of incident PrCa. A meta-analysis of 56 studies, for example, reported a relative risk (RR) of 1.05 (95 % CI 1.01-1.08) for PrCa per 5 kg/m 2 increase in body mass index (BMI) [6] . Interestingly, though, several cohort studies of this meta-analysis did not report such an association [6] , while others have suggested that the association between BMI and PrCa may differ by tumor aggressiveness. That is, obesity was associated with a 25-30 % increased risk of advanced-grade/stage PrCa, but inversely associated with the diagnosis of low-grade/local stage tumors [6] [7] [8] [9] .
Obesity/BMI at PrCa diagnosis has also been positively associated with risk of PrCa recurrence in two recent metaanalyses [10] [11] [12] ; however, results of individual studies have been somewhat inconsistent. For instance, while the summary risk estimate for PrCa recurrence was RR = 1.16 (95 % CI 1.08-1.24) per 5 kg/m 2 increase in BMI in the most recent analysis [12] , only 11 of 26 studies included in this meta-analysis reported statistically significant positive associations; albeit these tended to be the largest and most comprehensive studies. Although some of the inconsistency could be due to differences in ascertainment of patients' populations, sample size, and number of events, we noted that majority of the studies did not take into account the complex role of BMI/obesity and diabetes in PrCa [12] .
One of the major mechanisms through which adiposity is thought to play a role in cancer is via high levels of circulating insulin and insulin resistance in obese individuals [13, 14] . Insulin has mitogenic and anti-apoptotic activity, in addition to its better-known metabolic effects [13] . For example, studies by our group have shown strong associations of fasting insulin levels with risk of postmenopausal breast and endometrial cancer [15, 16] . Because of the potential importance of insulin resistance to the obesity-cancer relationship, several prior studies of PrCa examined the relation of type 2 diabetes with PrCa incidence [17, 18] and recurrence [19] [20] [21] . These studies have reported conflicting results, similar to those for the relationship of obesity with PrCa, with the majority of the studies reporting no association between type 2 diabetes and risk of PrCa recurrence.
However, there is a complicated relationship between diabetes and levels of insulin, as patients may use antidiabetic medications, and insulin levels may fall in advanced diabetes due to reduced insulin secretion by pancreatic bcells [22, 23] . Thus, studies of diabetes and its relation with risk of PrCa incidence and PrCa recurrence may be complicated by variability in insulin levels among those with frank diabetes.
If correct, then the failure to exclude diabetics from studies of obesity and its associations with PrCa incidence and recurrence could help explain variability in their findings. We recently reviewed and made similar observations regarding the relationship between obesity with breast cancer risk [24] .
Therefore, in the current study, we examined association between BMI/obesity and PrCa recurrence both with and without diabetic patients included in the analysis. If as predicted a stronger association of obesity with PrCa recurrence were observed when diabetics were excluded in our study, it would suggest that prior data from other studies should be reanalyzed in a similar fashion to better understand the obesity-PrCa recurrence relationship. Moreover, it would provide strong evidence that molecular pathways related to obesity similar to those involved in other cancers, particularly insulin signaling pathway, may be an important risk factor for PrCa recurrence.
Methods

Study population and data collection
We conducted a retrospective cohort study among PrCa patients who underwent robotic-assisted laparoscopic prostatectomy (RALP) by a single surgeon (RG) at Montefiore Medical Center (MMC) in the Bronx from October 2005 through December 2012, and were followed for disease recurrence through 31 December 2012. Detailed electronic medical records (EMR) data were prospectively obtained and updated at each clinical visit. Height and weight were measured at clinic visit when PrCa diagnosis was confirmed via biopsy, and history of type II diabetes and diabetes medication(s) at the time of PrCa diagnosis were abstracted from EMR for all patients. A total of n = 640 PrCa patients underwent RALP during the 7-year period, of which 610 (95 %) men with at least one followup laboratory serum PSA measurement after surgery at MMC were included in this analysis. Exclusion criteria were the following: a pathologic tumor stage T0 at surgery (n = 6); missing height and weight measurement (n = 1); or missing follow-up data on serum PSA measurements after surgery (n = 23). Consistent with clinical guidelines, patients were to have PSA levels measured after surgery at intervals of every 3 to 4 months in the first year, 6 months in the second or third year, and annually thereafter. However, PSA measurements were done more frequently if the postoperative serum PSA value exceeded 0.1 ng/dl. The median number of follow-up serum PSA measurements was seven (range 1-28) from date of surgery through date of last visit or 31 December 2012 among the 610 patients. Prostate cancer (PrCa) recurrence was determined as a rise in serum PSA of C0.2 ng/ml after radical prostatectomy. The study was approved by the Institutional Review Board of Albert Einstein College of Medicine and MMC.
Statistical analysis
Demographic, clinical, and tumor characteristics were compared among three groups of patients: i.e., those with normal weight (BMI \ 25 kg/m 2 ), overweight (BMI 25-29.9 kg/m 2 ), and obese (BMI C 30 kg/m 2 ) at diagnosis using one-way analysis of variance (ANOVA) for continuous normally distributed variables and Chi-square tests for categorical variables. All tests were two-sided using a significance level of a = 0.05. Among the 610 PrCa patients included in the analysis, there were two men (0.3 %) who had a BMI \ 18.5 kg/m 2 ; and their exclusion from these analyses had no impact on the results (data not shown). Therefore, they were included in the BMI \ 25 kg/m 2 category.
Follow-up time (months) was determined from date of surgery until date of first PrCa recurrence (time to event), date of last visit, or end of follow-up (31 December 2012) whichever occurred first. We compared demographic, BMI, clinical, and tumor characteristics, between patients who recurred and those who did not recur during follow-up using Kaplan-Meier (KM) survival curves and multivariate Cox proportional hazards models [25, 26] . We initially fit a Cox model adjusted for age and then additionally adjusted for clinical/pathological variables that were associated with PrCa recurrence (based on a p \ 0.05) including preoperative PSA, pathological Gleason score, tumor stage, and whether the surgical tumor margins were positive or negative. Additional variables that have been reported to be predictors of PrCa recurrence in prior studies, such as race/ ethnicity, percent tumor volume in the prostate gland, and positive lymph nodes, were also assessed as potential confounders. However, these variables were not independently associated with PrCa recurrence in multivariate Cox proportional hazard models in our dataset, and thus, they were excluded from the final analyses. All the above analyses in the study were conducted first among all PrCa patients and then repeated by excluding men with diabetes. All statistical analyses were carried out in STATA version 13 (STATA Corporation, College Station, Texas).
Results
The majority of the 610 PrCa patients included in this study were non-Hispanic African-American (36.2 %) or Hispanic men (38.2 %). The prevalence of obesity (BMI C 30 kg/ m 2 ) and type 2 diabetes at PrCa diagnosis were 25.6 % and 18.7 %, respectively. Table 1 presents demographic, clinical, and histo-pathological tumor characteristics of these PrCa patients stratified by BMI category. There were no significant differences in these characteristics among the three BMI groups, with the exception of ASA score, which was slightly higher in obese men in comparison with other two groups. While not statistically significant, however, it is noteworthy that obese men had lower proportion of a diagnostic PSA C 20 ng/ml (3.8 %), but slightly higher Gleason scores 7 (4 ? 3) or 8-10 (25 %) compared with normal weight men. We also compared demographic and clinical characteristics of diabetic PrCa patients (n = 114; supplemental Table S1 ) and non-diabetic PrCa patients (n = 496; supplemental Table S2 ) stratified by BMI category, in separate analyses. Among diabetic patients, there was a positive association between BMI and surgical margins, where obese diabetic patients had higher proportions of positive margins in comparison with the other two BMI categories (p = 0.02). However, among nondiabetic patients (n = 496), there were positive associations between BMI category and ASA score and Gleason score, in which obese men had significantly higher ASA score and higher Gleason score (i.e., 7 = 4 ? 3 or 8-10 tumors) in comparison with normal weight men (supplemental Table S2 ).
Among 610 PrCa patients, 14.3 % (n = 87) had a cancer recurrence during a median 30.8 months (interquartile range 14.2-51.6) of follow-up after surgery. Table 2 shows our age-adjusted analyses of associations between PrCa recurrence and demographic variables age, race/ethnicity, BMI, as well as clinical and histo-pathological tumor characteristics among all men (n = 610), including those with and without diabetes. As expected, several clinical and pathological tumor characteristics were associated with PrCa recurrence. Men diagnosed with a serum PSA C 10 ng/ml, or pathological Gleason score of 7 (4 ? 3) or 8-10, or pathological tumor stage T3a, b or c, a positive lymph node, a higher percentage of tumor volume in the prostate gland, and those with positive surgical margins were more likely to recur (all p values \0.001). However, in the age-adjusted analysis, there were no associations between PrCa recurrence and BMI (either as continuous or categorical variable), or type 2 diabetes among all PrCa patients.
We then examined associations between the same variables and risk of PrCa recurrence after excluding men with diabetes (Table 3) . A total of n = 496 non-diabetic men were included in this analysis. In contrast to the results among all subjects, the results in non-diabetic PrCa patients showed a significantly increased risk of PrCa recurrence among obese men relative to normal weight men (Table 3 and Fig. 1 ). In multivariate-adjusted Cox proportional hazard models (Table 4) , among non-diabetic PrCa patients, an increase of 5 kg/m 2 in BMI was associated with a 38 % increased risk of PrCa recurrence (95 % CI 1.05-1.82; p = 0.02). In categorical analysis, non-diabetic obese men (BMI C 30 kg/m 2 ) had a 2.27-fold higher risk of PrCa recurrence (95 % CI 1.17-4.41; p = 0.02) relative to normal weight men, after adjusting for age, preoperative PSA, pathological Gleason score, tumor stage, and presence of positive surgical tumor margins. Overall, there was a monotonic increase in risk of cancer recurrence with increasing BMI stratum; i.e., relative to normal weight men, there was a non-significantly higher risk in overweight men and then a statistically significantly elevated risk in obese men (p-trend = 0.03).
Discussion
We investigated the association between BMI/obesity and PrCa recurrence in a racially and ethnically diverse patient population (36 % African-American and 38 % Hispanic) and, furthermore, addressed the importance of excluding diabetics from the study of the BMI/obesity-PrCa recurrence relationship. The analysis of these data in a population with a high number of minority men is particularly relevant, given the disproportionately higher prevalence of obesity among African-American and Hispanic men [27] [28] [29] , as well as higher rates of PrCa recurrence and mortality especially among African-Americans [1] [2] [3] . Prior reports regarding the relation of obesity and PrCa recurrence had inconsistent results [10, 12] . A priori hypothesis behind our analytic plan was that the inconsistency in the findings of earlier studies of obesity and PrCa recurrence could be explained, in part, by the failure of previous investigations to exclude diabetics from their analysis.
Our results showed a greater than twofold increased risk of PrCa recurrence among obese men after excluding diabetics from the analysis, but no effect when diabetics were included. These analyses were adjusted for age and other important clinical predictors of PrCa recurrence such as preoperative PSA, pathological Gleason score, tumor stage, and presence of positive surgical tumor margins. All patients were treated by the same surgeon using roboticassisted laparoscopic prostatectomy at a single institution.
Of the 18 studies included in the most recent meta-analysis [12] , which investigated the associations of BMI/obesity with risk of biochemical recurrence among PrCa patients treated with radical prostatectomy, only two studies [30, 31] reported on the prevalence of diabetes, but none of them [30] examined associations between BMI, diabetes, and risk of biochemical recurrence among 1,428 PrCa patients (81 % Caucasian; 8 % African-American) who had undergone prostatectomy at the University of Michigan between 1994 and 2007 and were followed for cancer recurrence. The prevalence of obesity and diabetes was 33 % and 13 %, respectively, in that study, and 107 (8 %) men had a recurrence during a median follow-up of 3.6 years. Interestingly, there was a suggestion for an increased risk of PrCa recurrence associated with obesity in this study, albeit not statistically significant (RR = 1.37, 95 % CI 0.92-2.09 for obese vs. non-obese men), but no association between diabetes and PrCa recurrence [30] . It is interesting to note that with the increasing prevalence of diabetes, the association between BMI/obesity and PrCa recurrence tends to go toward the null as it was the case in our study where prevalence of diabetes was 19 %. It is also important to note that none of these studies carried out a sensitivity analysis to exclude diabetics, as we did in our analysis. Our findings suggest that all prior studies of the obesity and PrCa recurrence should be reanalyzed now by excluding diabetic patients.
The current findings and literature review are consistent with a general concern we have raised in studying the effects of obesity and insulin levels with cancer risk and recurrence, without excluding diabetics, across different tumor types [15, 16, 24] . The inclusion of diabetics in such studies is problematic since serum insulin levels in individuals with type 2 diabetes may be altered by use of exogenous insulin or medications that influence insulin sensitivity and secretion [22, 23] . Furthermore, individuals with advanced diabetes may experience reduced insulin secretion by pancreatic b-cells [22, 23] . While the relation between serum insulin and risks of PrCa incidence or recurrence/mortality has not been extensively studied, we have previously shown that the attributable risk of postmenopausal breast cancer explained by insulin levels was greater than that for estradiol, and in multivariate models adjustment for insulin but not estradiol accounted for the BMI effect on breast cancer risk [16] .
With regard to PrCa mortality, Ma and colleagues [32] examined the role of both pre-diagnostic BMI and plasma C-peptide (reflecting insulin secretion) on PrCa-specific mortality among 2,546 men (95 % Caucasian) with incident PrCa from the Physician's Health Study who were followed for mortality (n = 281 PrCa deaths during a median 7 years of follow-up). Overall, there was a linear increase in risk of PrCa-specific mortality per one kg/m 2 increase in BMI (RR = 1.07; 95 % CI 1.02-1.12) and the risk was highest among obese men (RR = 1.95; 95 % CI 1.17-3.23 when comparing obese vs. normal weight men) [32] . Since the prevalence of diabetes was very low in this cohort (1.5 %), the association between BMI and PrCaspecific mortality remained the same after exclusion of diabetics. To our knowledge, no other studies conducted analyses stratified by diabetes or by excluding diabetic patients. Ma and colleagues [32] also assessed association between C-peptide levels and PrCa-specific mortality among 825 PrCa patients in this study and reported a RR Log-rank test p=0.04 that the association between BMI and PrCa-specific mortality was partly mediated through C-peptide (proxy for insulin). Our results also provide novel but indirect evidence that as with several other common cancers (e.g., breast) insulin signaling may play a biologic role in PrCa recurrence. This is important since in addition to obesity being a readily modifiable risk factor, insulin signaling is itself potentially modifiable. Higher insulin levels have been positively associated with prostate carcinogenesis [32, 33] . Also the direct measurement of insulin signaling in the tissues such as expression of insulin receptor (IR) has been reported to be higher in prostate tumors versus benign prostate epithelial cells [34] . However, the relationships between total IR as well as activated IR expression levels, in relation to PrCa recurrence have not, to our knowledge, been studied.
Inflammatory factors may also help explain the relation of obesity with PrCa recurrence. Adipose tissue is known to secrete both adipokines and inflammatory cytokines that induce proliferation and suppress apoptosis of cancer cells and hence promote growth of primary tumors [35] [36] [37] . Inflammatory cells also produce various pro-inflammatory chemokines, which, in addition to recruiting leukocytes to infiltrate the local inflammatory site, may act as angiogenic factors or growth factors that further stimulate tumor progression [38] [39] [40] . Chronic inflammation is frequently observed in prostate tumors and correlates with higher Gleason score and higher serum PSA levels [41] [42] [43] . A recent study of 287 prostatectomy specimens showed that markers of intra-tumor inflammation were associated with a 2.1-fold increased risk of PSA recurrence (95 % CI 1.02-4.24), although this association was attenuated when accounting for tumor pathological features [44] . Furthermore, treatment for diabetes might result in reduction in systemic inflammation, leading to disconnect that we observed between obesity and PrCa recurrence.
Several limitations of the study must be considered in the interpretation of the current data. In particular, we studied only PrCa recurrence and not the development of metastases or PrCa-specific mortality. Longer follow-up will be required to conduct such analyses. Nonetheless, PrCa recurrence is a well-established endpoint, and it is an important step in PrCa progression to metastasis and cancer-related mortality. We also did not assess other measures of obesity such as waist circumference, waist-to-hip ratio, or weight change and their association with PrCa recurrence in the current study. Other studies have shown that weight gain in men is associated with increased risk of PrCa recurrence [45, 46] . Also some of the non-diabetic patients (i.e., those without known history of type 2 diabetes) could have had potentially undiagnosed diabetes. However, if this were the case, the strength of the association between BMI/obesity and PrCa recurrence that we observed in this study would be an underestimate of the true association. In this study, diabetic patients had similar BMI in comparison to non-diabetic men at the time of PrCa diagnosis: 27.3 ± 4.3 versus 27.6 ± 4.1 kg/m 2 (p = 0.49). One potential explanation for the apparent lack of a positive association between BMI and type 2 diabetes among PrCa patients could be that men with long-term type 2 diabetes could have lost weight due to dietary changes or oral metformin medication [47, 48] . For example, in the Diabetes Prevention Program, diabetic patients who were taking metformin had significantly higher weight loss and reduced waist circumference during follow-up in comparison to patients who were taking placebo [47] . Potential mechanisms by which metformin could affect weight loss include the reduction in food intake by decreasing the orexigenic peptides, neuropeptide-Y, and agouti-related protein in the hypothalamus; by improving leptin and insulin sensitivity and by increasing glucagon-like peptide-1 levels; as well as by creating favorable changes in fat metabolism via lowering both circulating and hepatic lipid levels [48] . Finally, we could not directly study the molecular mechanisms that we hypothesize underlie the relation of PrCa recurrence with obesity given the data available in this study. Future studies with appropriate specimens to assess insulin/insulin-like growth factor (IGF)-axis signaling in PrCa recurrence are warranted.
In summary, the current study showed a strong association between obesity and PrCa recurrence among nondiabetic PrCa patients, and it also provided evidence that it is critical to exclude diabetics when studying this relationship. Prior studies of the obesity-PrCa recurrence relationship should consider reanalyzing their data by restricting analysis to non-diabetics, particularly if the prevalence of diabetes is high. Molecular studies to directly assess the biologic factors that explain the BMI/obesityPCa recurrence relationship are now warranted.
